ABSTRACT: Solar cells based on organometal halide perovskites have seen rapidly increasing efficiencies, now exceeding 15%. Despite this progress, there is still limited knowledge on the fundamental photophysics. Here we use microwave photoconductance and photoluminescence measurements to investigate the temperature dependence of the carrier generation, mobility, and recombination in (CH 3 NH 3 )PbI 3 . At temperatures maintaining the tetragonal crystal phase of the perovskite, we find an exciton binding energy of about 32 meV, leading to a temperature-dependent yield of highly mobile (6.2 cm 2 /(V s) at 300 K) charge carriers. At higher laser intensities, second-order recombination with a rate constant of γ = 13 × 10 −10 cm 3 s −1 becomes apparent. Reducing the temperature results in increasing charge carrier mobilities following a T −1.6 dependence, which we attribute to a reduction in phonon scattering (Σμ = 16 cm 2 /(V s) at 165 K). Despite the fact that Σμ increases, γ diminishes with a factor six, implying that charge recombination in (CH 3 NH 3 )PbI 3 is temperature activated. The results underline the importance of the perovskite crystal structure, the exciton binding energy, and the activation energy for recombination as key factors in optimizing new perovskite materials. SECTION: Energy Conversion and Storage; Energy and Charge Transport T he conversion of sunlight into electricity is a viable longterm strategy for a sustainable energy future. Application of organometal halide perovskites (OMHPs) as light absorber in photovoltaics has evolved in the last year to an astonishing record efficiency over 15%:
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1 This is far more than, e.g., quantum dot or polymer-based solar cells, and higher than established techniques like amorphous silicon solar cells. However, at present, a comprehensive understanding of the photophysics of these materials is lacking. It is, for instance, unclear to what extent mobile charges are generated upon photoexcitation, how temperature affects this process, and which factors control carrier mobility and recombination.
For the recently reported highly efficient solar cells, tetragonal OMHPs are used, like (CH 3 NH 3 )PbI 3 in combination with, e.g., (nanostructured) TiO 2 as electron specific electrode and a hole transporting material like spiroOMeTAD. 2−7 At present there is an intense scientific debate to establish whether charges are generated in a similar way as in dye sensitized solar cells (or excitonic solar cell) 8 or in the bulk OMHP as in an inorganic semiconductor like silicon. Some groups argue that on optical absorption of a photon with an energy exceeding the bandgap (>1.5 eV), an electron is promoted from the valence band to the conduction band forming a strongly bound electron hole pair or exciton. The exciton is suggested to decay by injection of an electron into the conduction band of the nanostructured TiO 2 or by hole transfer at the interface with, e.g., spiro-OMeTAD. 7,9−11 This model is in accordance with the relatively high exciton binding energies (E B ) estimated to range between 19 and 45 meV for (CH 3 NH 3 )PbI 3 . 12, 13 In contrast to the above model, Snaith and co-workers have shown recently that cells worked equally well if TiO 2 was replaced by a wide band gap insulator like Al 2 O 3 . The position of the conduction band edge of Al 2 O 3 does not, however, allow electron injection from the OMHP. Moreover, they demonstrated that cells also work efficiently in a flat p−i−n configuration, in which the perovskite acts as the intrinsic layer combining light absorption, charge generation, and electron and hole transport. 1, 3, 14 These observations question the assumption that bound electron hole pairs are initially formed.
In our previous study, we demonstrated using time-resolved terahertz, near-IR spectroscopy, and photoinduced timeresolved microwave conductance (TRMC) that mobile charges are formed on picosecond time scales, even in the absence of an electron or hole specific electrode. 15 For the present study we examined (CH 3 NH 3 )PbI 3 introduced into a meso-porous Al 2 O 3 layer. Crystallographic studies on (CH 3 NH 3 )PbI 3 show an orthorhombic → tetragonal transition at 161.4 K and a tetragonal → cubic transition at 330 K. 16−18 We combine photoluminescence (PL) measurements and the photoinduced TRMC technique to study exciton dissociation and charge carrier generation and recombination in the tetragonal phase. Since the exciton binding energy is expected to play a key role in determining the ratio between both photophysical products, we explore its value by varying the temperature from 80 K to 300 K. Note that PL probes the radiative decay from bound electron hole pairs, i.e., those photoexcitations that are not converted into mobile charges. Therefore, PL provides a versatile indirect method to monitor the relative yield of charges as a function of temperature. By using this knowledge, we can deduce the mobility of charge carriers from the contactless photoconductance measurements. We observe a reduction of the mobility with increasing temperature.
Steady-state PL spectra of the direct band gap semiconductor (CH 3 NH 3 )PbI 3 (see Figure S1 of the Supporting Information (SI)) were recorded on excitation at 514 nm and show a broad maxima at ca. 760 nm in accordance with previously published data. 15, 19 Figure 1 shows that the PL intensity gradually decreases with increase of temperature. This is a strong indication that photoinduced charge generation is thermally activated. Hence, the charge yield rises at the expense of radiative decay with increasing temperatures. The PL data points of Figure 1 can be fitted using 13, 20 = +
B B (1) in which I 0 is the luminescence at low temperature, and k B is the Boltzmann constant. From the fit to the data points, a binding energy, E B of 32 ± 5 meV is found, which is within the range of previously reported values. 12, 13 Assuming that photoexcitations result only in radiative luminescence or in charge carriers, the corresponding fit in Figure 1 enables us to deduce the charge carrier yield, φ, as a function of temperature given by the solid line. Figure 2 shows intensity-normalized microwave conductance traces for (CH 3 NH 3 )PbI 3 on Al 2 O 3 recorded at 165 K, 240 and 300 K on optical excitation at 410 nm using different intensities varying over a factor of 50. The rise of the traces is limited by the laser pulse and the response time of our setup. As no electrodes are connected for this type of measurements, the decay is mainly determined by recombination of the charge carriers as reported previously. 15 Similar results are obtained using other wavelengths as is shown in the SI (see Figure S2 ). Clearly, at 300 K the use of more intense laser pulses leads to a faster decay of the signal, implying higher order recombination. However, at low intensities in the order of 1 × 10 10 photons/ cm 2 /pulse, the lifetime of the charge carriers exceeds 5 μs.
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The TRMC kinetics are significantly slower than the corresponding luminescence lifetimes at comparable intensities reported in the literature (lifetimes between 5 and 10 ns) and as measured in our previous work (see Figure S1 of the SI). 21, 22 From this it is inferred that charge carriers in (CH 3 NH 3 )PbI 3 do not recombine radiatively. Interestingly, the maximum of the normalized photoconductance decreases from 10.0 at 165 K to 7.2 at 240 K to 4.7 cm 2 /(V s) at 300 K. In addition, below 165 K, the TRMC signal size drops dramatically by a factor 5 (see Figure S3 of the SI). The maximum of the TRMC signal ΔG max (S) is related to the product of yield φ and mobility Σμ according to eq 2:
in which I 0 is the number of photons per pulse per unit area, β is the ratio of the inner dimensions of the microwave cell, e is the elementary charge, and F A the optical attenuation at the excitation wavelength of the sample. Hence a reduction of signal size can be explained by a drop in yield and/or mobility.
Since the PL measurements do not show abrupt changes over the entire studied temperature range, we attribute the reduction in the TRMC signal size to a decrease in mobility. We suggest that the transition in crystal lattice from tetragonal to orthorhombic is responsible for the rapid drop in mobility of the charge carriers below 165 K.
To obtain more quantitative information on the mobility and recombination rates, the TRMC traces recorded for different intensities were fitted according to the simple kinetic model shown in Scheme 1. The time-dependent concentration of the photoinduced charges was calculated numerically by solving a set of differential equations (see SI) defined by the processes given in Scheme 1. G represents the generation term determined by the intensity, the temporal profile of the laser, and the optical absorbance of the sample. The yield of charges, φ is derived from the PL measurements as discussed above. Apart from a reduction in the yield, photo excitations leading to the formation of excitons that decay by luminescence are not explicitly included in the model. Even though the TRMC technique has only nanosecond time resolution, we and others reported previously that electrons and holes are formed on a picosecond time scale in these materials. 15,21−23 Formed mobile opposite charges with concentration n(t) are beyond the Coulomb interaction radius (preventing geminate recombination), but they can recombine via a second-order process back to the ground state with rate constant γ. Alternatively, mobile electrons and holes are able to diffuse away to domains with less carriers, in which second-order recombination is slower. Those charges, n′(t) are able to return with rate constant k 2 . The change in photoconductance, ΔG is calculated according to
where L is the thickness of the material; Σμ is the sum of the electron and hole mobility, which is assumed to be constant in the studied time window, as proven by the identical transient absorption and terahertz conductivity decay kinetics. 15 As shown in Figure 2 , reasonable fits can be obtained using one set of kinetic parameters for each temperature. Found rate constants and mobilities are listed in Table 1 . For TRMC traces recorded below 165 K, no set of parameters could be found to give acceptable fits. From this we conclude that the kinetic scheme is not appropriate anymore to describe the observed TRMC traces at T < 165 K.
A first observation from Table 1 is that Σμ amounts to 6.2 cm 2 /(V s) at 300 K, which is remarkably high for a solution processed semiconductor. For the lowest intensity used of about 1 × 10 10 photons per cm 2 per pulse, which is still more intense than AM1.5, the approximate half lifetime, τ 1/2 , amounts to 5 μs as shown previously. 15 By converting the mobility to the diffusion coefficient (D) using the Einstein relation, D = Σμk B T, D = 0.16 cm 2 /s. From these parameters the diffusion length can be calculated, and it exceeds 5 μm, which is 50 times longer than previously reported. 21 The reason for this large discrepancy is due to fact that in the work of Stranks et al., only the diffusion length of the luminescent species in (CH 3 NH 3 )PbI 3 is determined, not that of the charges. In this work we give the diffusion length of the photoinduced carriers. Another important observation from Table 1 is that Σμ increases upon lowering the temperature. The rise in mobility on lowering T can be attributed to a reduction in phonon scattering typical for band like transport. Within the temperature range between 165 and 300 K, the Scheme 1. Processes Required to Mathematically Model the Photoconductance Traces of Figure 2 a a Optical excitation of the perovskite (Per) leads to formation of charges, which can decay to the ground state with second order rate constant, γ. The charges formed are also able to diffuse to more distant areas with a lower concentration of charge carriers. mobility is proportional to T −1.6 as shown in Figure 3 and is close to the temperature dependency previously reported for silicon.
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The second-order rate constant γ at 300 K is found to be 13 × 10 −10 cm 3 s
, similar to the value recently reported for this material using terahertz spectroscopy. 23 The values for γ tend to decrease with lower temperature (Table 1 ). The Langevin equation is often used to describe the diffusion controlled, second-order recombination rate, γ L , in direct band gap semiconductors and is given by 
in which ε is the relative dielectric constant and ε 0 is the permittivity of vacuum. Remarkably, we find that γ L as calculated from eq 4 is about 3 orders of magnitude larger than the actual found values as given in Table 1 . This means that upon meeting of an electron and a hole, these charges do not recombine directly back to ground state as given by Scheme 1, but form an encounter complex according to the modified kinetic Scheme 2. In this complex, the electron−hole pair is within the Coulomb interaction radius. This complex recombines with a rate constant k R to ground state or dissociates into mobile charges again with rate constant k D . The probability that an encounter complex actually recombines is given by the prefactor, ζ, defined as
The prefactor ζ equals the ratio of γ and γ L , and amounts to 7.2 × 10 −3 at 300 K. The fact that the recombination rate is far smaller than can be expected on the basis of the mobility is a key property since this will reduce recombination and increase collection of charges in a solar cell. The complete reaction scheme is given in Scheme 2.
A second intriguing aspect is that upon lowering T from 300 to 165 K, Σμ increases by a factor of almost 3 and hence the calculated values of γ L also increase. In contrast, γ becomes smaller upon reducing T. From the Arrhenius type plot shown in Figure 4 , an activation energy of 75 ± 8 meV for the prefactor is derived. This implies that the recombination process of the encounter complex to the ground state with rate constant k R is temperature activated. We attribute this activation energy, at least in part, to the concomitant rotational motion of methylammonium ions involved in the charge recombination process within the perovskite. According to NMR measurements, the methylammonium ions have rotational freedom in the tetragonal crystal phase. 16, 29 The activation energy for the rotational motion of the cation in (CH 3 NH 3 )PbI 3 reported in those works is similar to the value we extract for the prefactor in our experiments. This suggests that rate constant k D in Scheme 2 is less temperature dependent than k R . As mentioned in the introduction, at 161 K, a phase transition from tetragonal to orthorhombic is reported in the literature. 16, 30 In the latter crystal phase, the lattice does not permit rotational motion of the ion, 29 which will result in a different temperature behavior of the prefactor.
Finally we could speculate whether the encounter complex and the excited state of the perovskite given in Scheme 2 are identical physical species, which can a priori not be excluded. At T = 165 K, the luminescence yield is large, while ζ, on the contrary, is small since k R is small (see eq 5). These two parameters exhibit an opposite trend with temperature: the luminescence yield gets smaller, while ζ becomes larger. For these reasons, we suggest that the encounter complex and the excited state are different physical species. This is in line with our previous conclusion that the nonradiative charge carrier decay is much slower than the radiative recombination of the Per* state.
From this study on (CH 3 NH 3 )PbI 3 on mesoporous Al 2 O 3 , we conclude that excitons have a binding energy of 32 meV and dissociation is a temperature-activated process with less than 100% efficiency at room temperature. For solar cells with a planar configuration, perovskites with a higher efficiency of exciton dissociation should result in improved solar cells. The charge carrier mobility in solution-processed perovskite is very high: > 6.2 cm 2 /(V s) at 300 K, and increases on reducing T as expected for a band-type conductivity. From the temperature dependence of the photoconductance kinetics, we conclude that second-order charge recombination in perovskite requires an activation energy of about 75 meV. For this reason, charge carrier recombination in (CH 3 NH 3 )PbI 3 is more than 2 orders of magnitude slower than the calculated Langevin recombination rate constant. The combination of high carrier mobility and very long charge carrier lifetimes results in a charge carrier diffusion length exceeding 5 μm, allowing charges to be extracted before they can recombine in a thin film perovskite solar cell. Following the phase transition from the tetragonal to the orthorhombic phase, the mobility is drastically reduced. The results suggest that new, more efficient, thin film perovskite solar cells should be based on perovskites maintaining the tetragonal crystal phase within the range of operating temperatures for a high carrier mobility. They should also have even a lower exciton binding energy and exhibit an activated slow electron−hole recombination. For the material studied in this work, i.e., (CH 3 NH 3 )PbI 3 , not all excited states yield charge carriers and hence the presence of an electron accepting material like TiO 2 will help to increase the conversion from excited states into charges and may thus be beneficial in a solar cell.
■ METHODS
Sample Preparation. The perovskite (CH 3 NH 3 )PbI 3 was prepared according to a previous report. 9 First, CH 3 NH 3 I was synthesized by reacting 30 mL (0.227 mol) of hydroiodic acid with 27.8 mL (0.273 mol) of methylamine in an ice bath, stirring for 2 h. Then, the resulting solution was evaporated at 50°C for 1 h to produce colorless CH 3 NH 3 I crystals. The CH 3 NH 3 I crystals were washed three times with diethyl ether and dried under vacuum. In order to prepare (CH 3 NH 3 )PbI 3 , 0.395 g of freshly prepared CH 3 NH 3 I and 1.157 g of PbI 2 were mixed in 2 mL of γ-butyrolactone at 60°C for overnight stirring. Al 2 O 3 (<50 nm) nanoparticle mesoporous films were prepared via doctor blading. The films were then annealed at 450°C for 30 min and then cooled down slowly. The synthesis of perovskite (CH 3 NH 3 )PbI 3 on Al 2 O 3 was carried out by dropping the perovskite solution on the Al 2 O 3 film and spincoating (2000 rpm, 30 s), followed by annealing at 80°C for 30 min under N 2 in order to crystallize the perovskite. 9 The XRD pattern confirms formation of orthorhombic perovskite with no traces of PbI 2 (see SI, Figure S4 ). Samples were transported and stored in N 2 .
PL Measurements. For the temperature-dependence measurement of the PL, the samples were mounted in a liquid nitrogen cryostat (continuous flow, Janis ST-500) in vacuum. The temperature was controlled from 300 K down to 80 K within ±0.5 K by a temperature controller (LakeShore, model 331). A home-built wide-field fluorescence microscope based on Olympus X71 with 514 nm Ar-ion laser line as the excitation source was used. The photoluminescence of the samples was collected by an objective lens (Olympus LUCPlanFI 40 × , N.A. 0.60) and imaged by a CCD camera (ProEM:512B, Princeton Instruments). A 675 nm long pass filter was used in front of the CCD to collect the whole emission band. The photoluminescence intensity was measured at every 20 K for the same positions of the samples. The temperature was stabilized for 10 min before the measurement for each data point.
Photoconductance Measurements. Pulsed optical excitation (repetition rate: 10 Hz) of the perovskite film results in the generation of mobile charge carriers in the film, which consequently changes the conductance (ΔG) of the film. The TRMC technique is capable of recording these changes with nanosecond time resolution using monochromatic, continuous X-band (8 to 12 GHz) microwaves as a probe. In contrast to DC techniques, in this high-frequency AC technique, charges do not undergo a net displacement through the sample, but due to the low electric field strength of the microwaves and the rapid change of the direction of the electric field direction, the drift distances are relatively small, i.e., in the nanometer regime. Moreover, charges do not have to pass domain boundaries or energetic barriers, and hence the values found for the mobility are typically higher than found using other DC techniques.
In a N 2 -filled glovebox, the perovskite layers are mounted in a sealed microwave cell. Note that under the used excitation conditions and oxygen and moisture free environment, samples can be measured multiple times without any change in TRMC signal or visible degradation. The change in conductance within the film (ΔG(t)) can be related to the normalized change in the reflected power (ΔP(t)/P) from the microwave cell and is given by
where K is the sensitivity factor that is determined from the dimensions of the microwave cell and the geometrical properties of the media in the microwave cell. The timedependent change in conductance (ΔG(t)) can be further expressed in terms of the number of photoinduced electrons and holes and the sum of their mobilities according to eq 3. From this equation it is clear that the largest contribution to the conductivity arises from the most mobile carriers. Since there is no external electrode/contact to the film, the photogenerated mobile charges eventually decay with time via recombination and/or trapping.
Optical, additional TRMC, and XRD measurements are given in the Supporting Information. This material is free of charge via the Internet http://pubs.acs.org.
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Fitting of TRMC transients
The TRMC traces shown in Figure 2 were fitted using a routine based on the 
